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Introduction

+ The aim of this study is to investigate the properties of
H-dibaryon in chiral limit using a recent new method of
non-perturbative QCD.

+ In particular, H-dibaryon mass is interesting
from the viewpoint of “existence” of H-dibaryon.
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What is H-dibaryon?

+ H-dibaryon: B=2 flavor singlet state (uuddss)
(E =05 =05 B =257 e=—i))

» In 1977, Jaffe first predicted the existence of H-dibaryon
in the discussion of color-magnetic interaction
by using MIT bag model. [R.L.Jaffe, Phys. Rev. Lett. 38 (1977) 195]

¢ In this model, the H-dibaryon mass is My = 2150 MeV.

cf. AA(2231MeV), NE(nZE: 2254MeV, pE-: 2260MeV),
LY(X0X0: 2385MeV, XX 2387MeV)

.. The H-dibaryon mass may be smaller than the AA threshold!
« After that, H-dibaryon mass was also investigated

. .. [A. P Balachandran et al., Nucl. Phys. B256 (1985) 525]
by USIHg Skyrme mOdeL and the result 1S: [R. L. Jaffe et al., Nucl. Phys. B258 (1985) 468]

My ~1.92Mp_1(< 2Mp—1) (in chiral limit)
¢ This result seems to support Jaffe’s prediction.
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Experimental Status

+ However, the prediction of the low-mass H-dibaryon is denied
experimentally in 1991 (at physical point): antHe

¢ Instead, the double hyper nuclei sn°He was found by Imai group.
[K. Imai, Nucl. Phys. A527, 181(1991)]
[H. Takahashi et al., Phys. Rev. Lett. 87, 212502(2001)]

¢ In fact, H-dibaryon is not a stable state, that is,
there is no-deeply-bound H particle at least at the physical point.

+ Why Jaffe failed?

¢ A possible reason is a large SU(3) flavor symmetry breaking
due to large s-quark mass (ms » my,q).

+ Then, current interests of H-dibaryon are:

¢ H-dibaryon may exist as a resonance at physical point.

» How is the stability of H at unphysical points
such as flavor SU(3) symmetric case (my=mg=ms) ?
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Lattice QCD Studies of H-dibaryon

+ As a resent progress, Lattice QCD calculation indicates

the existence of H-dib aryon [NPLQCD (S. Beane et al.), Phys. Rev. Lett. 106 (2011)162001]
; g [HAL QCD (T. Inoue et al.), Phys. Rev. Lett. 106 (2011) 162002]
Bt ”unphys1cal po1nts”: [HAL QCD (T. Inoue et al.), Nucl. Phys. A881, 28 (2012) ]

e H is stable at the flavor SU(3) symmetric (my=mg=ms)

and large quark-mass region. B T ——
+ Then, how about in chiral limit? o] 3
¢ Lattice QCD calculation is usually a powerful tool : N _
to evaluate hadron masses, but it is difficult to wo |
take the chiral limit. (large-size box is required) 20|
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+ For the study of the chiral limit,
some model approach such as Skyrme model would be useful
instead of lattice QCD.

o It is desirable to use some OCD-based model for the calculation.
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Skyrme Model

+ Skyrme model [T H.R. Skyrme, Nucl. Phys. 31 (1962) 556]

3 9 NG boson (pion)
L= —tr(L,L")+ tl‘[Lu, L,,] (+ WZW term )

4 32e?
Vs Va4 1
kinetic term , oo/ terr}? L u=-= U Tﬁu U
(introduced by hand) 1 b aryon

chiral field: U(x) = '™ (@) fx ¢ SU(Ny)

¢ This is the first theory of chiral solitons which describe baryons
in terms of pions.

¢ This picture is qualitatively supported in the large N argument
(by E.Witten,1979).

¢ The soliton solution of this model is called “Skyrmion”.
To investigate Skyrmions, hedgehog Ansatz is usually used.

2. Chiral Soliton Model



Skyrme Model in B=1 SU(2) Flavor Case

Hedgehog Ansatz N = 2 case (ud flavor)

for B=1 particle (Nucleon)
[T. H. R. Skyrme, Nucl. Phys. 31 (1962) 556]

+ SU(2) hedgehog Ansatz:
U(x) = e!TRFr) e su(2)

It has one function F(r) (Ti=1,2,3: Pauli matrices)

hedgehog Ansatz

— #baryon=ne€Z T
with i

—

+ B =1 Skyrmion < boundary condition} =
in SU(2) flavor case F(0) =
F(0) =0

corresponds to nucleon.

+ The B=2 Skyrmion corresponding to H-dibaryon can be obtained
by using hedgehog Ansatz of SO(3) subalgebra of SU(3) flavor,
instead of SU(2) flavor.

2. Chiral Soliton Model 9




Skyrme Model for H-dibaryon as SO(3) soliton

Hedgehog Ansatz N = 3 case (uds flavor)

SU(B) &) SU(Z) 80(3) [A. P. Balachandran et al., Nucl. Phys. B256 (1985) 525]
g [R. L. Jaffe et al., Nucl. Phys. B258 (1985) 468]

: 0 — O
0 A3 — /\2 — 7 O 0
0 =500

symmetric for flavor (u, d, s)

¢ SO(3) subalgebra:

W | 0
Al — /\7 — 0 0 —1 A2 — —/\5 — 0
'3 500 —1

[Ai, Aj] = deijni

¢ SO(3) hedgehog Ansatz:
U(X) — ei[(A-f()F(r)+((A-$c)2—2/3)go(r)] = SU(3) It has 2 functions F(r), &(r)

o i e R e

— #baryon = 4n or 4n+2 (nc ) o boundary condition £
+ B=2— dibaryon (stable) % with cos F'(0c0) =1 cos F'(0) = —1
ciP(00)/3 _ 1 ,iv(0)/3 — _ gi2wk/3
: : : G(c0) =0 G(0)=0
We can obtain stable dibaryon as Skyrmion | ‘- Sl ) 2

by using “SO(3)” hedgehog Ansatz.
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Holographic QCD

Sakai-SugimotO Model [T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113 (2005) 843.]

+ QCD-equivalent D-brane system (D4 /D8 / D8) can be constructed
in superstring theory.

ndex on D4 brane ( color )

AlOdim. Color degrees of freedom '; }flndex on D8 brane ( flavor )
Ve D4-branexNc v (X,3): quark (L)
—

D = N = : }D8-branexNs (L)
4-8
." .: .: :' a,b J
i 4-4 —— ALy 5 | gluon
W A8 )

p” = = = =/ }D8-branexN¢ (R)

Flavor degrees of freedom ad s
Vi (X,3) |: quark (R)
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HOIO gr aphic QCD [T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113 (2005) 843.]

Large N limit

In large N. limit, Nc D4-branes are extremely massive
— replaced by gravitational background

D4-branexN c
f_Aﬁ

10dim. space time (in D4 baCkground)

o PR o 7 e, dUZ
Tpw(=3, T4 = T, Tamb-9 ({ .(..).l) s = (_(I—{vl"”"I.I/‘,,,l/.l',,(,.l',, { f(( \dT) +4 (#)‘-(m o | ‘:lSl‘,)

— Nt D8-branes are treated as “probes” in the SUGRA background solution
of Nc D4-branes in large N. limit.

Note: For the reliability of SUGRA description, large "t Hooft coupling ( )\ = g%y N.)
is also needed. (gym: coupling const. of gauge theory)
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HOlO gr aphic QCD [T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113 (2005) 843.]

DBI action of D8-brane
+ In large N. (& large A) limit, probe D8-brane can be express z

by the Dirac-Born-Infeld action: (Mkx = 1 unit) (D
SB};I g /‘dg:I:(f—@\/—dOt(g]\[N -1 27T(_}7'F]\[N)

integrate over S* (degree of freedom of spherical coordinate of xs.9)
i and expand in terms of a’F (field strength on D8-brane) according to 1/N,, 1/A

1 . .
4 : ~\—1/3 = ! . .
SHQCD ~ h:/d :zrdztl(gK(;,) / R -~ O(F')  (Euclid. metric)
5-dimensional Effective action of D8-brane note: the gravitational energy
Fuyn = OmAN —ONAM + i[.-'\ M, ."1;\'] (M, N =0-3, z) is abbreviated above
K(z)=1+2z2 ; x=AN./10873
Ts: surface tension of D8-brane / o’ = I

+ Furthermore, the 4-dimensional meson effective theory can be derived
by performing mode expansion of gauge field A,—o-3(x,, z) along z-direction.
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HOlO gr aphic QCD [T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113 (2005) 843.]

Construction of 4D Meson Effective Theory

+ First, we take A, = 0 gauge in the 5D effective action Suocp.

. , ; : 5 th 1basis |
+ Next, we perform mode expansion of A,(x,, z) in z-direction: {]frofiror(,(:gofa, .,aSI)S}
y R
A (zy,z) =1, ()04 (2) + ru(z,)Y-(2) + Z Bl(,")(;z:,,)-q‘}" (2) Fais = % o
T T n>1 T vo(z) = = arctan z
: A . —1\'(:)]"‘:‘{—{:1\'(':)d"':"] = A\ ¥p
left/right current by pion  (axial) vector meson & dz" " dz '

.O 1 : i 1 \ = -
(Nglmcr)tie) { [/1(-1..‘1/) = 7£+ (;‘l'u)();:E+l(-'1'u) ru(zy) = Ta—("'")()ﬂf—l(""') gi ("l“l") € U(l\f)

¢ Chiral Field: U(z,) = '™ (@u)/ fr — f;l(:l;'“)f_ (x,) € U(Ny)
¢ Vector Meson Field: B,(t") = BZ(")Ta

+ For the construction of low-energy QCD effective theory,

here we consider NG bosons and the lightest vector meson,
only “p-meson”: [K. Nawa, H. Suganuma, T. Kojo, Phys. Rev. D75, 086003 (2007)]

Ay, 2) 22 Le, 7 C2) ¥ ru(Ep)b_(2) + paley)bi1lz)
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HOIO gr aphic QCD [T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113 (2005) 843.]

[K. Nawa, H. Suganuma, T. Kojo, Phys. Rev. D75, 086003 (2007)]

Construction of Meson Effective Theory

: - Lo D
+ By the mode expansion of Au(x,, z), SHQCD = ,/ d _,-,/‘.tr{xhl‘_l ¥F, Fo + K(2)FoeF, }

we can derive the 4D meson effective theory - = [t @) (ehira term)

in terms of pion & vector meson fields B “L 2 /,,:_,.,,. IR (Skyrme term)
from holographic QCD: Substitute 1 fileas G =P (inetic e
AI,‘(IU, Z) -4 l“ (117,/)’1,1{’4.(3) 2 7',1(il7u)'l#b—(3) 5 P (xu)u,"l(z) - m',", /([I.I‘“’ (Pupu) (p-mass term)
1 .
A i =2g: ![ '] /‘ﬂ.l‘tl‘{(”:/'v dpp) ‘I't-/'V” (3p coupling)
axial vector current: Q'p.(il"u) = lp.(l'u) e 7';1(:171/) 27 ' : S
4 %-‘“P[(_i)'): /(I"_p'rl' :/;,,./),,]2 (4p coupling)

{lu(zy) + ru(zy)}

vector current:  B,(z,) =

b | =

drtr {log, au | (Dupy — Oupy) ) (p-2a coupling)

ll I'II‘HHH_HI, P Pu :- (_’/r_’n 4'nll|)l|||f_y

<+ Here we can see: + oo f

g, 0] (] 1'“_ Pl + Pus f,,. I} I,J-'_’n- ] rnlllblin_'.")

¢ this theory has just two parameters (Mkx & k) + « [
SUCh as fT(, mp i 0 /.,;1',.“. {.,)"I,‘, ,‘)‘,,.,,‘uj» )’“,,,‘,; t Pus 9 ) } (p-Ip-13 coupling)

(other coupling constants depend only on Mkk & k.) |
- d e {[py. o) (1B o) + [pu. B0)) } (3p-3 coupling)

¢ this effective theory is “derived” from QCD,
so it is considered as OCD-based model.

> . ’ 1.2 .
Jl,rll‘l N P + Pp O )~ l'_"u—'_’u (n:ll)llllf,")

. 3 >
d ety | 1By pr) + P Bo))” (2p-213 coupling).
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H-dibaryon in Holographic QCD

The Soliton Solution of the Meson Effective Theory Sxocp

+ The B=1 SU(2) case has been investigated: [K. Nawa, H. Suganuma, T. Kojo, Phys. Rev. D75, 086003 (2007)]

+ Here we consider the SU(3) flavor case to describe H-dibaryon in the chiral limit

n holographic QCD fOI' the first time. [A. P. Balachandran et al., Nucl. Phys. B256 (1985) 525]
[R. L. Jaffe et al., Nucl. Phys. B258 (1985) 468]

+ We study H-dibaryon in holographic QCD in the following manner:
o Action (Euclid. metric)

S 32¢2

2 1 Y T A ;
SHQCD = /(I'l.r{ %tr([q, L,) — —tr[L,, L,|*} +311'(_(),,/),_, — Qypu)” + mtr(pupu) + (1nt. term) }

¢ Meson Field = “SO(3)” Hedgehog Ansatz (N¢ = 3)
o Chiral Field: U(x) = ellARFM)+(AR)=2/3)e(n)] ¢ g1y (3)
o lowest SO(3) vector-meson field “p-meson”: po(x) = 0,0i(X) = {€ijx2;G(r) } Ak

“Wu-Yang-'t Hooft-Polyakov Ansatz”

— Energy (static soliton mass): E[F(r), ¢(r), G(r)] = SHQCD |hedgehog
3. Holographic QCD 17
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Effective Action on SU(3) Flavor

We derive the effective action for H-dibaryon

SHQCD

4. Results

f‘/ I“(LL )

2 16¢2

: 1
,.-/./'.,-./-.tl-{31\‘|-.| 3F,,F,, + K(2)F,.F, }

(chiral term)

17 [t (L, L

|
~ /d".rtr(i),,p,, - ('),,p,,)'

m": / dxtr (pupy)

.)q_-;p[- i] /rﬂ.rtr {(Oupe = Oupp) [/'I"/’l']}
qlp[( i) :/d".rtr :p,,.p,,]"2

71 /4/‘.:'“'“:),,.:»,,; (D

oo [ dtets (o) lows i)}
73 /‘l.l“r {log. au) (13, oo
/4 /4/‘1'!1' {I‘l)“/r,.
15 /41 e { [pp. o) ([Bu. o] + (P4

(3 Ib—-l\‘zlt—‘

—
donf

Jur n

d? I|||_)’

(Skvrine term)

(p-kinetic term)

( /~Iass term)

(3p coupling)

(4p coupling)

D Py )} (p-2a coupling)

-l

Py s

o, /';4'( 7“ ,)

" WPp

)

: , .
bl T Pps Q)

»

(2p-2a coupling)

1',,_)} (p-20-7 ('nll]ilill;',}
¥ pus 3u))} (p-0p-3 coupling)
)} (3p-3 coupling)

(2p-2a coupling)

(2p-213 coupling).

as SO(3)-type hedgehog soliton
in terms of profile functions F(r), ¢(r), G(r)
from holographic QCD (Euclid. metric).

Substituting SO(3) hedgehog Ansatz,

U(x) = ell(ARFM)+(A2)*~2/3)¢(r)]

po(x) =0
pi(x) = {€iju®;G(r) } A

and after some calculation,
we derive the effective theory
of H-dibaryon.
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We derive the effective action for H-dibaryon
as SO(3)-type hedgehog soliton

in terms of profile functions F(r), ¢(r), G(r)
from holographic QCD as follows:

Effective Action on SU(3) Flavor

, 1 : :
SHQCD & K,/d%:dztr(—K(z)—l/JFWFW + K(2)F,.F,.) + O(F*)

2

2
~ / d'z{ f_’f[z F'? + g¢'2 + %(1 —cos Feosp)]  (chiral term)

3
l 16
32 [(‘50’2 + Flz)(l COSs FCOS <P) + 2(,0,F, Sin Fsin o)

(Skyrme term)
+—{(1 — cos F cos p)? + 3sin® Fsin? p}]

2

[8 Ser 4 ~GG' + G?)|+m>[4G*| (o-kinetic term / o-mass term)

+gs,,[8—]+%g4p[4G4] (30 coupling / 40 couphng)

- F @ 3 .
—g1| {( ~G + G')(F'sin 5 085 + ¢’ cos 5 sin —) -I- G(l —cos Feosp)}| (00-2a coupling)
8

—g2[—G*(1 — cos F cos p)] (20-2a coupling)
r
16 F o BT .
3 — G {3sin F'sin = sin ¢ sin 5 + (1 — cos 5 Cos 5)(1 —cos Fcosp)}| (0-2a-p coupling)
— 4 i—SGZ(l — COS % coS g)] (0-00-p coupling)
8 3 F © :
—9s 7—G (1 — cos 7 cos 5)] (30-p coupling)

+96 [4G2(F 2 1+ ¢ )] (20-2a coupling)

+9g3|

SR R T F P\ :
+g7[3G2{3 e e (1 — cos — cos 5)2}] } (29-2[5 Couplmg)
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Numerical Results

Profile functions of H-dibaryon

T T
"PROFE .dat" using 1:2 ———
"PROFE.dat" using 1:3 —¢—
"PROFE .dat" using 1:4

@(r)
F(r) Nambu-Goldstone Mode

0 0.5 1 1.5 2 25 3 35 4 4.5

4. Results

+ SO(3) hedgehog
soliton solution exists
in this framework.

%+ This soliton solution
corresponds to
H-dibaryon
in chiral limit.
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Numerical Results

Energy density of H-dibaryon

4ririe(r) [fm2]

4. Results

+ By using the energy density,
the radius of H-dibaryon
can be calculated:

(mean square radius)
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Numerical Results

Mass & Radius of H-diaryon
+ Holographic QCD has just two parameters:

¢ Mkxk: energy scale of the theory
o x :large-N. effective theory

+ We determine these two parameters to reproduce
pion decay constant and p-meson mass:

fr=924MeV, m,=776.0 MeV

+ Then, the mass and radius of H-dibaryon (in chiral limit) are:

Mass: My ~ 1673 MeV , Radius: v/ (r?) ~ 0.413 fm

4. Results
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Comparison to B=1 Soliton Results

Mass: My ~1673 MeV , Radius: /(r2) ~0.413 fm

+ The mass and radius of B=1 hedgehog baryon in holographic QCD
(in chiral limit) are Mp_; ~ 834.0MeV, 1/ (r?) ~ 0.37fm

[K. Nawa H Suganuma T. Kojo, Phys. Rev. D75, 086003 (2007)]

LR aNy o NI e m e e

]\[ H ~ 2.006 Mp-1 (1n chiral 11m13j

so, we find

SRR RSO Elin S 3 TR T R CAPEEORAA

o With this result, we can see that the H-dibaryon mass is
almost equal to two B=1 hedgehog baryon mass (Mu ~ 2M3z-1).

¢ Then, H mass is expected to be smaller than two nucleon mass in the chiral limit:

¢ In fact, nucleon (flavor-octet baryon) mass My is larger than

hedgehog mass Mg-1 by rotational energy:
Mn= M3_; + (rotational energy) (> Mg-1), and satisfies My < 2MNn.

(cf. In standard Skyrmion, rotational energy is estimated about 150MeV.)
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Comparison to G(r)=0 Results

Vector Meson Effect for Chiral Functions F(r), ¢(r) in H-dibaryon

F(r)

Without Vector Mesons

\,\‘\

\, With Vector Mesons
\
Q

r [fm]

+ Chiral profiles F(r), @(r) are almost unchanged and shrink slightly

by the vector-meson effect.

4. Results

Without Vector Mesons

With Vector Mesons

"PROFEQ.dat" using 1:3

()

r [fm]




Comparison to G(r)=0 Results

Vector Meson Effect to Energy Density in H-dibaryon

T
"PROFE.dat" using 1:5 ——

25 ROTED it g 15— + The energy density also
Without Vector Mesons Shrinks Shghtly by the

E (My ~ 1776MeV, \/(r?) ~ 0.434fm) ' vector meson effect.

% ' With Vector Mesons

NE | (My ~ 1673MeV, \/(r2) ~ 0.413fm) 1 + About 100MeV (6%)

<

mass reduction

is occurred by the
vector meson effect.

0 0.5 1 1.5 2 25 3
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Details of Energy Density

Each Contribution to Energy Density in H-dibaryon

30

Total Energy Density

”ENERGY.daIt"
"ENERGY .dat"
"ENERGY .dat"
"ENERGY .dat"

using 1:2 ——
using 1:3 —«—
using 1:4
using 1:5

Each Contribution to the Energy

Total Energy of Soliton H
1673MeV (100)

0 05 1 1.5

25

) Y

+ The H-dibaryon mass is lowered by the interaction between
NG bosons and Vector mesons in the interior region of the H-dibaryon.

4. Results
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summary

+ We have formulated H-dibaryon (uuddss) in holographic QCD
for the first time.

+ We have investigated H-dibaryon as a soliton solution
in holographic QCD, and have found that

¢ the H-dibaryon mass is about 1.7GeV in the chiral limit,

whic!

h can be smaller than the two nucleon mass.

¢ chiral profile functions F(r), @(r) and energy density

-

shrin

4. Summary

< slightly by the vector-meson effect.
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